FLORICAULA ( FLO ) of Antirrhinum and LEAFY ( LFY ) of Arabidopsis encode plant-specific transcription factors, which are necessary and sufficient to specify floral meristem identity. We isolated WFL , a wheat FLO / LFY ortholog, and analyzed its expression pattern. RT-PCR analysis indicated that WFL is expressed predominantly in young spike. The WFL expression pattern during reproductive development was analyzed in more detail by using in situ hybridization technique. WFL transcripts were observed in all layers of the young spike excepting spikelet initiation sites as axillary meristem. In the double-ridge stage, WFL transcripts were localized in the lower ridge but were absent in the upper ridge, where spikelet meristem initiates. The WFL expression pattern indicated that WFL is associated with spikelet formation rather than floral meristem identity in wheat. As development of floret proceeds, the WFL transcripts were detectable in the developing palea, but not in other floral organs, suggesting that WFL may play a novel role in developing palea in the wheat floret.
INTRODUCTION
FLORICAULA ( FLO ) of Antirrhinum and LEAFY ( LFY ) of Arabidopsis encode plant-specific transcription factors which play an important role in flower development (reviewed in Jack, 2004) . In monocot species, the genome of Zea mays contains two copies of FLO/LFY orthologs, ZFL1 ( Zea mays FLO/LFY 1 ) and ZFL2 (Bomblies et al., 2003) . Vegetative development in zfl1zfl2 double mutant plants is normal, but morphological defects become apparent during reproductive development (Bomblies et al., 2003) . Whereas wild-type plants form tassel branches (male inflorescence) in apical region of the plant, the double mutants produce branched structures with husk leaves surrounding a female inflorescence often with a terminal spike of male flowers in the lower nodes of tassel region. These indicate that floral meristem identity is disrupted in the double mutants. Furthermore, the double mutants show defects in floret determinacy and organ identity in both male and female florets. ZFL1 and ZFL2 are expressed at high levels in spikelet-pair meristems and spikelets of both female ear and male tassel, and the expression persists in floral organs during floral organ developing stage (Bomblies et al., 2003) . The expression pattern of ZFL1 and ZFL2 , which are expressed throughout early floral meristem and subsequently developing organ primordia, is similar to expression patterns of FLO in Antirrhinum and LFY in Arabidopsis (Coen et al., 1990; Weigel et al., 1992) . The conserved expression pattern and similar mutant phenotype suggest that dicot FLO/LFY and maize orthologs play a conserved role in floral development, which act as upstream regulators of the ABC floral organ identity genes. However, unlike flo mutants of Antirrhinum , even complete loss-of-function mutants of zfl1zfl2 exhibit floral development (Bomblies et al., 2003) . Similarly, complete loss-of-function mutants of lfy cause only a partial transformation of flowers into inflorescence shoots in Arabidopsis (Weigel et al., 1992) . APETALA1 was identified to specify floral meristem identity together with LFY in Arabidopsis (reviewed in Jack, 2004) . In also maize, it is possible that other gene(s) is involved in floral meristem specification together with ZFL1 and ZFL2 .
Studies have been conducted on the FLO/LFY orthologs in two other grass species, rice ( Oryza sativa ) and Lolium temulentum (Kyozuka et al., 1998; Gocal et al., 2001) . The expression patterns of rice and Lolium FLO/LFY orthologs were distinct from those of ZFL1 and ZFL2 in maize. The inflorescence meristem of rice produces a primary-branch meristem as lateral buds, and meristems of secondary branches or spikelets are formed in primary branches. RFL , a rice FLO/LFY ortholog is expressed in very young panicles (inflorescence meristem) but is absent at the primary-and secondary-branch differentiation sites (Kyozuka et al., 1998) . No RFL transcripts were found in developing panicles after the branch-formation stage. These suggest that RFL is not associated with floral meristem specification, and downregulation of RFL accompanies panicle branch initiation. The LtLFY , a FLO/LFY ortholog in Lolium temulentum , was initially expressed in spikelet meristems, but not in developing floret at later stage, suggesting that LtLFY is associated with spikelet formation (Gocal et al., 2001 ). These observations imply functional divergence of FLO/LFY orthologs among grass species, but more data is necessary to understand diversity in FLO/LFY expression patterns.
In this study, to obtain further information about functional divergence of FLO/LFY orthologs in grass species, we isolated FLO/LFY ortholog from wheat ( Triticum aestivum ) and examined its expression pattern. The present results indicated that WFL (Wheat FLO/LFY ) is associated with spikelet formation rather than floral meristem identity. Furthermore, it is suggested that WFL plays a novel role in the developing palea in the wheat floret. Wheat is a hexaploid species with genome constitution AABBDD, which generally contains triplicated homoeologous genes derived from three diploid ancestral species (Feldman, 2001 ). There could be three possibilities for the evolutionary fates of homoeologous genes in polyploidy: functional diversification, gene silencing, and retention of original and similar functions (Wendel, 2000) . We cloned three WFL homoeologous genes, WFLa , WFLb and WFLd , located on group 2 homoeologous chromosome 2A, 2B and 2D, respectively. Our results of expression analysis suggested conserved function among three homoeologous WFL genes.
MATERIALS AND METHODS
Plant materials The common wheat ( Triticum aestivum ) cv. Chinese Spring (CS) grown in a greenhouse was used for cDNA cloning, southern hybridization, RT-PCR, in situ hybridization and SEM analysis. Ditelosomics of CS for group 2 homoeologous chromosomes (Sears and Sears, 1978) , which are defined as a series of lines missing half arms of paired chromosomes, were used for determining the WFL chromosomal location.
Cloning of WFL cDNAs Using degenerate primers based on conserved region of the FLO / LFY orthologs of Oryza sativa , Lolium temulentum , and Zea mays , WFL-12L (5'-ACGCGCTGCACTGCCTGG-3') and WFLde-12R (5'-GCG(C/G)AG(C/T)CTGGTGGGCACGTA-3'), a 215-bp fragment of WFL was amplified by shuttle PCR at 72 ° C with cDNA synthesized from CS young spike mRNA. Based on the sequence of the PCR product, we designed gene-specific primer sets and performed 5'-/3'-RACE using the 5'-/3'-RACE Kit, 2 nd generation (Roche Diagnostics GmbH). First strand cDNA synthesis was carried out using 1.8 µg DNase-digested total RNA isolated from young spikes at the spikelet differentiation stage. The primers used were 5'-RACE GSP1 (5'-GATG-GTGCTGCCGGACTGGTAT-3') and 5'-RACE GSP (5'-TGACCAGGAGCGTGCTAGCC-3') for 5'-RACE, and 3'-RACE GSP1 (5'-GCTACGCGCTGCACTGCCTGGA-3') for 3'-RACE. 5'-RACE was performed by normal PCR at 55°C annealing temperature, and 3'-RACE was done by shuttle PCR at 68°C. A full-length cDNA clone was obtained by shuttle PCR at 70°C using PCR primers WFL-L (5'-GCCAAAAGCGAGAGAAGAAG-3') and WFLde-R (5'-TGTTACAA(A/G)IATTCATCACA(A/T)(A/ T)CG-3'). Multiple alignment was conducted by computer program CLUSTAL W (Thompson et al., 1994) , and a phylogenetic tree of the FLO/LFY -like genes was constructed using the neighbor-joining method provided by above-mentioned program.
RT-PCR analysis Total RNA was isolated from spikes of CS at various developmental stages (<3 mm, 3-10 mm, 10-15 mm, and 15-25 mm in length; flag leaf unfolding, before booting, booting, and heading stages) by using ISOGEN (Nippon-gene, Japan). Total RNA was also isolated from vegetative organs (leaves, stems, roots and flag leaves) of CS at the floret differentiation stages and from floral organs (glumes, sepals, petals, stamens and pistils) at the heading stage. First strand cDNA synthesis was carried out using 5 µg of DNase-digested total RNA derived from above organs with oligo dT primer according to the protocol for first strand synthesis for RT-PCR (Amersham Biosciences). Semi-quantitative RT-PCR analysis was performed by shuttle PCR at 70°C using the primer set, WFL-1L (5'-CATCAACAAGCCCAAGATGCG-GCACTAC-3') and WFL-1R (5'-GCGGAGCCTGGTGGG-CACGTA-3') as common primer of three homoeologous transcripts.
Homoeologous gene-specific amplification was conducted by PCR at 53°C annealing temperature using WFLa-L (5'-CAAGGTGGGGGCGAGCTAC-3') and WFLa-R (5'-CCGGGCACACGACTAGAACATG-3') primers for WFLa genes, and by PCR at 65°C with WFLb-L (5'-TGTTCCATCTCTACGAGCAGC-3') and WFLb-R (5'-ATGGAGCCGGCGTGTGCG-3') primers for WFLb gene. WFLd-specific primer was not developed because of unsuitable Tm value in the polymorphic sites for PCR. As a control, a fragment from the wheat ubiquitin gene (Ubi-1) was amplified by PCR at 55°C annealing temperature using the primers Ubi-1L (5'-GCATGCA-GATATTTGTGAA-3') and Ubi-1R (5'-GGAGCTTACTG-GCCAC-3').
In situ hybridization analysis In situ hybridization was performed by the method described previously (Hama et al., 2004) . Spikes at different developing stages (from before spikelet initiation to heading) were sampled from CS and fixed with FAA solution (3.7% pformaldehyde, 5% acetic acid, 50% EtOH) at 4°C overnight. The fixed tissues were dehydrated and embedded in Paraplast Plus (Oxford Labware, USA). The tissues were sliced into 20 µm sections and dried overnight. Hybridization of WFL mRNA with digoxigenin-labeled sense and antisense probes was carried out overnight at 55°C. The RNA probes were synthesized by incorporating DIG-UTP as a synthetic component into RNA in the presence of T3 or T7 RNA polymerase in vitro transcription using a DIG RNA labeling kit (Roche Diagnostics GmbH). After hybridization, the sections were washed two times with 0.5 × SSC at 52°C. Immunological detection of the hybridized probe was according to Hama et al. (2004) . As controls for specificity, consecutive sections were hybridized with sense and antisense probes of the same region of WFL gene.
Scanning electron microscopy (SEM)
We conducted SEM analysis by using the method described previously (Murai et al., 2002) . Young spikes at the floret differentiation stage were vacuum-infiltrated with 2% glutaraldehyde and 2% paraformaldehyde in cacodylate buffer, and pre-fixed overnight at 4°C. The samples were rinsed three times in water, and fixed in OsO 4 in the same buffer. After fixation, the samples were dehydrated in a graded ethanol series before critical point dried in liquid carbon dioxide, and mounted on stubs. The stubs with prepared material were coated with platinum by an ion spatter (Hitachi E1010), and examined with a scanning electron microscope (Hitachi S-4700) at an accelerating voltage of 10 kV. SEM analysis of spike primordia at double-ridge stage was performed with S-3000N (Hitachi) natural SEM system. Young spikes were chilled at -15°C in cool stage and examined at low vacuum condition (30 Pa) and an accelerating voltage of 15 kV. 
RESULTS
WFLa, WFLb and WFLd are FLO/ LFY orthologs in wheat By using a degenerate-PCR with a primer set designed in a highly conserved region of the FLO/ LFY orthologs of maize, rice and Lolium, we isolated WFL cDNA clones from wheat young spikes. The PCR products were subcloned into pBluescript SK (-) and the nucleotide sequences were determined. Wheat is a hexaploid species with AABBDD genome constitution, which generally contains triplicated homoeologous genes derived from each ancestral genome. Southern blot analysis indicated the existence of three copies of the WFL gene in the wheat genomes (data not shown). Thus, we obtained full-length sequences of three homoeologous cDNAs of WFL (named WFLa, WFLb, and WFLd, located on A, B, and D genome, respectively) by using 5'-/3'-RACE technique. Multiple sequence alignments of these genes revealed that deduced amino acids of three WFL proteins showed high similarity with each other; 95.9%, 98.7% and 95.1% for WFLa/WFLb, WFLb/WFLd and WFLd/WFLa, respectively. We constructed a phylogenic tree of the FLO/LFY orthologs from the eudicots and monocots together with WFL (Fig. 1) . The phylogenic tree indicated that FLO/LFY orthologs were clearly separated into dicot and monocot clades. The monocot clade was then divided into two groups, grass family and Orchidaceae (Dactylorhiza, Gennaria, Ophrys, and Orchis). WFL belongs to the grass family-group with ZFL1 and ZFL2 in maize, RFL in rice and LtLFY in Lolium, indicating that WFL genes are wheat orthologs of FLO/LFY.
Based on homoeologous gene-specific polymorphisms in the WFL cDNAs, we could design PCR primer sets to distinguish two out of three WFL homoeologous genes. Using CS ditelosomic lines lacking pairs of the half arms of each chromosome, we determined the chromosomal location of WFL genes. Two of three WFL homoeologous genes were confirmed to localize on the long arms of chromosome 2A and 2B, which we named WFLa and WFLb, respectively ( Fig. 2A) genes. WFL transcripts were not detected in any organs of the spikes at the heading time stage (Fig. 2C) . These results suggest that WFL is involved in the formation of spikelets and/or florets.
Down-regulation of WFL expression in spikelet meristem
In situ hybridization of WFL shows two distinctive expression patterns in young spikes at spikelet differentiation stage and at floret differentiation stage. WFL mRNA signal was not detected in the vegetative SAM (Fig. 3A) , but was observed in all layers of the very young spike except for spikelet initiation sites (Fig.  3B) . At the double-ridge stage (Fig. 3C) , the WFL expression was localized in the lower ridge but absent in the upper ridge, where spikelet meristem initiates ( Fig. 3D  and E) . To clarify the localization of axially meristem in wheat young spikes, we also examined the expression of Wknox1, a wheat KNOX gene, as a meristem marker (Takumi et al., 2000; Morimoto et al., 2005) . Wknox1 transcripts were localized in spikelet meristem (Fig. 3F) , where WFL transcripts were not detected. These results indicate that WFL is down-regulated in the spikelet meristem at the spikelet differentiation stage. The downregulation of WFL may be caused by the expression of Wknox1. WFL transcripts were not detected in developing spikelets at later stages (data not shown). The expression pattern suggested that WFL is associated with spike formation as lateral branch of inflorescence meristem.
WFL is expressed in developing palea
We also performed in situ hybridization analysis using young spikes at the floret differentiation stage, in which pistil, stamen, lodicule, palea and lemma primordia are differentiated. A wheat floret contains one pistil, three stamens and two lodicules, enclosed by a lemma and a palea (Murai et al. 2002) . Figure 4A shows in situ hybridization pattern of WFL in longitudinal section of florets at early stage. WFL transcripts were predominantly detectable in the palea primordia of apical floret (Fig. 4A) . The longitudinal section of spikelets at the later stage of floral organ differentiation (Fig. 4C) shows WFL expression in a basis of developing palea (Fig. 4B ). These observations suggest that WFL play a role in development of palea. 
DISCUSSION
In monocot species, FLO/LFY orthologs have been reported in maize (Bomblies et al., 2003) , rice (Kyozuka et al., 1998; Chujo et al., 2003; Prasad et al., 2003) and Lolium temulentum (Gocal et al., 2001) . ZFL1 and ZFL2 in maize are expressed at high levels in spikelet-pair meristems and spikelets of both female ear and male tassel, and the expression signals persist in floral organs during floral organ developing stage. Furthermore, zfl1zfl2 double mutant results in disruption of floral meristem identity, floret determinacy and organ identity, indicating that maize FLO/LFY orthologs share conserved roles with their dicot counterparts (Bomblies et al., 2003) . On the other hand, distinct expression pattern has been reported in rice FLO/LFY ortholog RFL. RFL is expressed in very young spikes (inflorescence meristem) but is absent at the primary-and secondary-branch differentiation sites, and not in developing panicles, indicating that down-regulation of RFL accompanies panicle branch initiation (Kyozuka et al., 1998) .
In this study, we observed down-regulation of WFL expression in spikelet meristem of wheat young spike. At the double-ridge stage of young spike, the WFL expression was localized in the lower ridge but absent in the upper ridge, where spikelet meristem initiates (Fig.  3) . The expression pattern of WFL in wheat inflorescence meristem (IM) resembles that of RFL in rice IM. Figure 5 shows a schematic representation of inflorescence development in wheat and rice. In wheat, when the shoot apical meristem (SAM) changes from the vegetative to reproductive phase after flag-leaf initiation, it elongates to form a collar (the first reproductive primordium) and becomes an IM (Hay and Ellis, 1998) . IM then forms a double-ridge structure, which coincides with . Wheat inflorescence meristem (IM) transited from shoot apical meristem (SAM) directly form spikelet meristem (SM) as a lateral branch. Contrary to wheat, rice IM produces firstly primary-branching meristem (PBM) as a lateral branch, which bears secondarybranching meristem (SBM) or SM. SAM, shoot apical meristem; IM, inflorescence meristem; SM, spikelet meristem; FM, floret meristem; PBM, primary-branching meristem; SBM, secondary-branching meristem the beginning of spikelet initiation. Each double-ridge consists of two upheavals, and upper part of the doubleridge then acquires spikelet meristem (SM) identity and forms a spikelet. Lower part of double-ridge is originally leaf meristem, but disappeared as growth stage proceeds. The spikelets are arranged to form two opposite rows at the main axis, rachis (Murai et al., 2002) . The number of spikelets per spike is determined by the timing of terminal spikelet initiation, which depends upon the genotype and environmental conditions. The spikelet is composed of florets joined at axis (rachilla) alternately on opposite sides, and encompassed by two small bract leaves called glumes. There are multiple florets (usually six to eight) in each spikelet, of which a few in apical positions could be sterile due to hypoplasia. Contrary to barley, rice and maize, the rachilla meristem in wheat is classified as an indeterminate one. Contrary to wheat, in rice, the primary-branching meristem (PBM) is developed from IM as axillary organs, and secondarybranching meristem (SBM) is produced from PBM as axillary meristem (Itoh et al., 2005) . The spikelet meristem (SM) initiates from SBM or directly from PBM, which then forms a floret meristem (FM) (Fig. 5) . The present study together with the data of Kyozuka et al. (1998) indicates that the FLO/LFY orthologs might function in the branching of IM in wheat and rice rather than floral meristem identity. It was reported that floral meristem identity could be determined by FRIZZY PANICLE in rice (Komatsu et al., 2003a) . In maize, zfl1zfl2 double mutants shows dramatically reduced number of tassel branches, indicating that these genes play a role in promoting branch establishment in addition to its role in flower development (Bomblies et al. 2003) . These observations suggest that FLO/LFY orthologs have a function in lateral branch formation of inflorescence in grass species. Analysis of mutants or transgenic plants with loss-of-function and gain-of-function of FLO/LFY ortholog and investigation of the interaction with regulatory gene of shoot branching such as LAX PANICLE in rice (Komatsu et al., 2003b) are prerequisite for the understanding of the function of FLO/LFY orthologs in grass species
The present study demonstrated that WFL transcripts were predominantly detectable in the developing palea. Prasad et al. (2003) indicated that the expression of RFL is restricted in lodicules of differentiating rice floret primordia by in situ hybridization and reporter assay. These findings suggest the functional divergence in the FLO/LFY ortholog of wheat and rice. Since the non-cell autonomous function was observed in FLO and LFY (Sessions et al., 2000) , analysis of WFL protein to clarify the functional difference of the FLO/LFY orthologs.
